The NAD-dependent histone/protein deacetylase activity of Sir2 (silent information regulator 2) accounts for its diverse biological roles including gene silencing, DNA damage repair, cell cycle regulation, and life span extension. We provide crystallographic evidence that 2-O-acetyl ADP-ribose is the reaction product that is formed at the active site of Sir2 from the 2.6-Å co-crystal structure of 2-O-acetyl-ADP-ribose and Sir2 from Archaeoglobus fulgidus. In addition, we show that His-116 and Phe-159 play critical roles in the catalysis and substrate recognition. The conserved Ser-24 and Asp-101 contribute to the stability for NAD binding rather than being directly involved in the catalysis. The crystal structures of wild type and mutant derivatives of Sir2, in conjunction with biochemical analyses of the mutants, provide novel insights into the reaction mechanism of Sir2-mediated deacetylation.
Sir2 is a novel histone deacetylase that removes acetyl groups from acetylated lysine residues only in the presence of NAD (1) (2) (3) (4) . In addition, Sir2 possesses weak ADP-ribosyltransferase activity (5) . The deacetylation activity of Sir2 contributes to its transcriptional silencing activity at the telomeric, ribosomal DNA, and silent mating type loci in yeast and contributes to the cellular aging processes of Saccharomyces cerevisiae and Caenorhabditis elegans (6 -11) . In addition to gene silencing, Sir2 helps to mediate DNA repair of double-stranded DNA breaks (12) .
Recently, it has been shown that the biological function of Sir2 is not restricted to transcriptional silencing and DNA double strand break repair. First, Sir2 homologues with NADdependent protein/histone deacetylase activity are found in several bacteria and Archaea that do not possess histones (13) . Indeed, recent work has demonstrated that an archaeal Sir2 homologue deacetylates the archaeal non-histone chromatin protein, Alba, and thereby modulates its DNA binding affinity (14) . Second, there are multiple Sir2 homologues in eukaryotes.
For instance, there are at least seven and five Sir2 homologues in humans and yeast, respectively (13) . Third, eukaryotic Sir2 homologues have a broad substrate specificity that allows them to remove acetyl groups from non-histone proteins including p53 and bovine serum albumin (BSA) 1 (15) (16) (17) . It has been shown that human Sir2, SirT1, represses p53-dependent apoptosis upon DNA damage and oxidative stress by deacetylating p53 (15, 16) . Finally, in Arabidopsis, the inhibition of a Sir2 homologue results in atypical body axis formation and vascularization (18) . In addition, the product of Sir2, O-acetyl ADPribose, has been shown to delay or block the cell cycle in embryonic development (19) . Thus, it is of considerable interest to understand how Sir2 removes an acetyl group from its acetylated lysines in its protein substrates, transfers the acetyl group to NAD, and forms the final product, O-acetyl ADPribose, which could be an important metabolite in cell signaling.
Two Sir2 crystal structures have been reported recently, namely Sir2 from Archaeoglobus fulgidus bound to NAD (Sir2-Af1) and the catalytic core of human SirT2 (17, 20) . Furthermore, a mass spectrometry analysis indicates that 1Ј-O-acetyl ADP-ribose could be the final product of Sir2 reaction (21) . On the basis of these and other biochemical studies, several catalytic mechanisms for Sir2 have been proposed (21, 22) . Although all the proposed mechanisms include the hydrolysis of the high energy bond between nicotinamide and ADP-ribose followed by formation of an acetate-ADP-ribose intermediate to produce O-acetyl-ADP-ribose, the detailed reaction mechanism is ambiguous. Furthermore, the individual roles of the Sir2 active site residues during catalysis are unclear. For instance, it has been proposed that Sir2 may function like a serine protease in that a conserved serine residue could act as a catalytic base in the cleavage of the glycosidic linkage in nicotinamide ribose (17) . However, this residue is far from the cleavage site and buried within the core of the protein. More importantly, the identity of the true product of Sir2 reaction is unclear since mass spectrometric analysis cannot distinguish the position of the acetyl group within the nicotinamide ribose. Indeed, the regio-isomer of 2Ј-and 3Ј-O-acetyl ADP-ribose has recently been proposed as the final product of the Sir2 catalyzed reaction on the basis of NMR studies (23, 24) To understand the NAD-dependent deacetylase mechanism more clearly, we have carried out structural and functional studies on Sir2 homologues from A. fulgidus (Sir2-Af1). A. fulgidus is a sulfur-metabolizing hyperthermophile with an optimum growth temperature at 83°C (25) . The entire genome sequence of A. fulgidus has been recently determined, and the genomic DNA analyses reveal that two Sir2 homologues, Sir2-Af1 and Sir2-Af2, are present in this Archaea bacterium (26) . The Sir2 from S. cerevisiae share sequence identity of 24 and 27% with Sir2-Af1 and Sir2-Af2, respectively. Biochemical studies confirm that these proteins have NAD-dependent protein deacetylase activities; the Sir2-Af1 deacetylates the acetyl group from the acetylated BSA, whereas Sir2-Af2 removes the acetylated N-terminal tail of histone (2, 17) . Here, we have undertaken an analysis of the enzymatic and structural consequences of mutagenesis of active site residues to elucidate the catalytic mechanism of Sir2-Af1. In addition, we provide direct crystallographic evidence that 2Ј-O-acetyl ADP-ribose is formed in the active site as a result of the catalytic reaction.
EXPERIMENTAL PROCEDURES
Expression and Purification-The reported Sir2-Af1 sequence was used to construct two oligonucleotide primers (primer 1, CAT-GCTAGGGGATCCATGGACGAAAAACTGTTGAAA; primer 2, TCG-CATGAGAAGCTTTAAAGACAGAGCTTTCCTGAC) that were used in a PCR to amplify Sir2-Af1 from purified A. fulgidus chromosomal DNA (26) . The amplified fragment was restricted using BamHI and HindIII and subcloned into pQE-30 vector. The entire Sir2-Af1 was sequenced to confirm that no mutation occurred during the PCR. We found that the stop codon was mutated to Leu during the PCR reaction, resulting in the introduction of four extra residues, Leu-Lys-Leu-Asn, at the C terminus. All the mutants reported here were generated by PCR-based methods using the appropriate primers, and the mutation was verified by DNA sequencing. During the course of PCR, a mutant where three residues (D102G/F159A/R170A) were mutated was also generated. For the convenience, we named this one as a triple mutant throughout the text. The plasmid containing wild type or mutant Sir2 gene was transformed into XL1Blue, and the cell was grown in LB media containing 100 g/ml ampicillin until an A 600 of 0.6 was reached before induction with 0.2 mM isopropyl-1-thio-␤-D-galactopyranoside for 4 h.
The N-terminal His-tagged proteins were purified as suggested (Qiagen). Briefly, cells were harvested by centrifugation and lysed by sonicator in 50 mM NaH 2 PO 4 , pH 8.0, 300 mM NaCl, 10 mM imidazole, and 1 mM 2-mercaptoethanol. The lysate was clarified by centrifugation and incubated at 80°C for 1 h. The mutant proteins were purified by nickel column instead of heat treatment. The imidazole gradient with solutions containing 20 -250 mM imidazole in 50 mM NaH 2 PO 4 , pH 8.0, 300 mM NaCl, and 1 mM 2-mercaptoethanol was applied to the column. The eluted proteins were further purified using Mono-S by NaCl gradient (0 -500 mM) and, finally, by gel filtration equilibrated with buffer containing 10 mM Tris-HCl, pH 8.0, 200 mM NaCl, and 5 mM dithiothreitol. The proteins were finally concentrated to 20 mg/ml by ultrafiltration and stored at Ϫ70°C until use.
Crystallization and Data Collection-All the crystals used in this study were obtained by the hanging drop vapor diffusion method. Concentrated proteins were initially mixed with NAD to a final concentration of 5 mM and incubated for 30 min at 4°C before crystallization. The monoclinic form of crystals was obtained by mixing the protein solution with an equal volume of the buffer used in the crystallization well (100 mM sodium citrate, pH 6.0, 14% polyethylene glycol 4000 and 20% isopropanol) and equilibrated with 1 ml of reservoir solution at 18°C. Crystals with a size of 0.05 ϫ 0.2 ϫ 0.3 mm appeared within 2-3 days.
Hexagonal I form crystals were obtained from a buffer containing 100 mM HEPES, pH 7.5, and 13-18% polyethylene glycol 8000. Incubation of hexagonal I form crystals with 500 mM N-acetyl lysine, 100 mM HEPES, and 13-18% polyethylene glycol 8000 at 18°C for 4 -5 days resulted in an alteration of the unit cell dimensions and space group to the hexagonal II form. The detailed statistics are summarized in Table  I . An asymmetric unit of the monoclinic form contains a single molecule, and an asymmetric unit of the hexagonal form contains two molecules.
All data were measured at Ϫ190°C using a flash-frozen crystal on a RaxisIV image plate system mounted on a Rigaku RU-200 rotating anode x-ray generator or at beamline B6 at Pohang accelerated light source. Determination of unit cell parameters and integration of reflections was performed using the program DENZO (27) from the HKL package. Data were scaled and merged with SCALEPACK (27) .
Model Building and Refinement-The structure of each crystal was solved by molecular replacement using the AMORE with diffraction data in the 15-4-Å resolution range (28) . In each case, the initial R factor for the molecular replacement solution was 37-38% for all the data lower than or equal to 3.0-Å resolution. With a correctly positioned model, F o Ϫ F c and 2 F o Ϫ F c maps were calculated, and manual adjustment of the model was performed using the programs CHAIN and O (29, 30) . The model was further refined using CNS with Engh and Huber stereochemical parameters (31) . Refinement statistics are presented in Table I .
Enzymatic Assays-The deacetylase activity of Sir2-Af1 was measured by detecting the release of [ 3 H]acetate from 3 H-acetylated BSA using a reported protocol (17) . In short, 2 g of purified Sir2 proteins were incubated with 50 g of [ 3 H]acetyl-labeled BSA for 60 min at 50°C in buffer containing 50 mM citrate, pH 6.0, 5 mM P 2 O 7 4Ϫ , 500 M NAD, 500 mM NaCl, and 1 mM dithiothreitol. The reaction was stopped with 50 l of 1 M HCl and 400 mM acetic acid. The released 3 H product was extracted with ethyl acetate and counted in a scintillation counter.
Enzyme Kinetics-Reaction mixtures containing 50 mM citrate, 500 M NAD, 500 mM NaCl, 1 mM dithiothreitol, and 0.37-1.48 M enzyme were incubated at 50°C. (32) .
Stability Measurement-Conformational changes for each protein (55.5 M) were monitored at various temperatures by scanning with a circular dichroism spectrometer (Jasco J-715). The temperature was raised from 40 to 110°C over a 70-min period, and detection was set on 222 nm. Measured data fitting was performed using Sigma-plot 2000.
Measurement of NAD Binding-Binding constants of the NAD to wild type and mutant Sir2 were measured by isothermal titration calorimetry using the Micro Calorimetry system (MicroCal). Purified Sir2 was extensively dialyzed against buffer containing 150 mM NaCl, 1 mM dithiothreitol, and 20 mM Tris-HCl, pH 8.0, before binding assay. Briefly, 4.5 mM NAD in the same buffer was titrated into a 0.13-0.23 mM solution of Sir2 protein at 40°C. Titration curves, typically consisting of 20 points, were fitted to the two-state binding model using the program ORIGIN (MicroCal).
RESULTS AND DISCUSSION
Crystallization and Overall Structure-Initially, we obtained a hexagonal form of crystals of Sir2-Af1 by use of the hanging drop vapor diffusion method from a solution containing 100 mM sodium citrate, pH 6.0, 20% polyethylene glycol 4000, and 15-20% isopropanol at 4°C. This crystal belongs to the space group of p6 5 , with dimensions of a ϭ b ϭ 45.5 Å and c ϭ 235.5 Å and diffracted to 2.7-Å resolution at spring 8 synchrotron station. The structure of the crystal was determined by the method of multiwave anomalous diffraction to 2.7 Å using Zn 2ϩ as an anomalous scatterer (data not shown). The map generated from the multiwave anomalous diffraction phases was excellent in most of the regions, and we were able to build the complete model and NAD on the experimental map. However, the resulting model did not refine well for unknown reasons and produced poor refinement statistics; the final R-factor and R-free were 26.5 and 36.5%, respectively, and only 68% of total residues fell in the most favorable regions in a Ramachandran plot. This partially refined structure was virtually identical to the open form structure of Sir2-Af1 reported by Min et al. (17) . Refinement using the structure from Min et al. (PDB code 1ICI) did not improve the statistics or the quality of the model (see below for the overall structure).
We then adjusted the crystallization conditions as described under "Experimental Procedures," and this change together with the extra four residues introduced at the C terminus as the result of the PCR reaction, used to produce Sir2-Af1, altered the packing of the molecules and yielded a monoclinic form of a crystal. This had a significantly improved diffraction limit, and the crystal diffracted to 1.47-Å resolution. In addition, we also crystallized a triple Sir2 mutant (D102G/F159A/ R170A). This resulted in the formation of a hexagonal form I crystal that was different from our original crystal (Table I) . Finally, hexagonal form II was obtained by performing the crystallization in the presence of N-acetyl lysine (see "Experimental Procedures" for details).
The overall structure of the protein consists of two domains, a large domain with an ␣/␤ or Rossman fold composed of six ␣-helices and six parallel ␤-strands and a small domain with three antiparallel ␤-strand, two ␣-helices, and a zinc atom (Fig. 1a) . When the structures of monoclinic and hexagonal (I) forms were compared with the open form of Sir2, most of the regions were very similar, showing root mean square deviations of 1.6 Å (monoclinic form) to 1.3 Å (hexagonal I form) for all C␣ atoms. However, significant differences were observed in the loop region (located from residues 29 to 48) that is situated over the NAD binding site. When the loop segment alone was compared with that of open form, the root mean square deviations for C␣ atoms were 4.5 Å (monoclinic form) and 3.2 Å (hexagonal I form). The electron density in the loop region is well defined in all three crystal forms, and the average temperature factor in this region is similar to that of the whole molecule. Nevertheless, the notable conformational differences in the loop segment of different crystal forms indicate that this is most flexible region in the molecule (Fig. 1a) .
In the monoclinic form, residues 30 -34 in the loop were closer to the active site than the equivalent regions in the open form, whereas residues 41-48 were slightly further away from the active site. The most noticeable movement included the rearrangement of the positions of Phe-32 (7 Å), Arg-33, and Trp-39 (14 Å) toward the nicotinamide ribose in the active site (Fig. 1, b and c) . Because several residues in the loop more tightly surround NAD in the active site, the monoclinic form adopts a "closed" loop conformation relative to the open form.
In both hexagonal I and II forms, the loop segment in the hexagon forms intermediate conformations between the open and closed form; residues 30 -33 adopted conformations more similar to the closed form, whereas the conformations of residues 38 -48 were more similar to the open form.
Active Site-Although an excess of NAD was added to Sir2 before crystallization, we observed only the ADP-ribose density in the monoclinic form and not the NAD density (Fig. 1b) . It is possible that the nicotinamide ring in this structure was disordered and, therefore, not visible. However, several lines of evidence suggest that this was not the case. First, the hydroxyl group linked to C1Ј of nicotinamide ribose was tightly packed by the surrounding residues, and there was insufficient space to accommodate the nicotinamide ring. Second, the high resolution electron density clearly showed that the bound ligand was an ␣-form, whereas the NAD we added was a ␤-form. Thus, we presume that during the crystallization, ␤-NAD was converted to ADP-ribose. In contrast to the monoclinic crystals, the active site in hexagonal form I crystals contained enough space for the nicotinamide ring to fit in. Furthermore, in the hexagonal form 1 crystals, the ADPribose was still in the ␤-form. We assume therefore, that NAD was bound in this crystal form. However, we did not observe the nicotinamide ring, and thus, we presume that if it was indeed present, it was disordered.
The ADP-ribose bound to the active site of Sir2 in a similar manner to that described for NAD (17) in that it was oriented in an inverted direction compared with most other NAD-binding proteins. In general, ADP-ribose binds extensively to a pocket formed by several conserved residues at the interface between the large and small domains of NAD-binding proteins. Previously, the NAD binding site in Sir2-Af1 was divided into three sites, site A for binding of adenine ribose, site B for binding of nicotinamide ribose, and site C, which does not make any direct interaction with NAD but forms a core inside the pocket. This provides local stability to the residues that interact with the adenine ribose and phosphate moiety. In the three different crystal forms we studied, the interactions between the pocket residues and the ligand in site A were highly conserved. The adenine base was surrounded by residues Gly-22, Ala-25, Gly-185, Pro-212, and Lys-228, and the adenine base and ribose made a direct hydrogen bond to the main or side chains of Glu-26, Asn-211, Asp-213, and Ala-229.
The interactions between residues in site C were also conserved in all the crystal forms. Ser-24 formed direct hydrogen bonds with His-80 and Asp-101 (Fig. 1c) . A buried water molecule mediated the interactions in Ser-24, His-80, Asn-99, and Asp-101. Large fractions of the side chains in these residues were buried. The fractional accessible surface area for the side chains of these residues was 2% for Ser-24, 7% for Asn-99, 6% for Asp-101, and 0% for His-80. The most significant differences between the structures derived from the different crystal forms were observed in the interactions in site B as a result of the closure of the flexible loop (Fig. 1c) . The O1Ј of nicotinamide ribose made hydrogen bonds with NE of Trp-39 and NH1 from Arg-33. The NH1 group of Arg-33 also interacted with O 2 ЈA and O4Ј of nicotinamide ribose. The aromatic ring of Phe-159 was about 3.4 Å away from O1Ј of the ribose ring. Side chains of Phe-32 and Val-190 were also close to the ribose ring. The OH3Ј of ribose made a hydrogen bond to ND1 of His-116. The ribose ring adopted the C2Ј exo conformation rather than the C3Ј endo conformation seen in the open form.
It is unclear why ADP-ribose was observed instead of NAD. It is possible that the weak ADP-ribosyltransferase activity of Sir2 may lead to the cleavage. However, ADP-ribose instead of NAD was also seen in some mutant structures such as Ser-24, in which the ADP-ribosyltransferase activity is almost abrogated (data not shown, see below). Furthermore, the NAD-dependent deacetylation reaction occurred between NAD and excess N-acetyl lysine in hexagonal I form (see below). Thus, formation of ADP-ribose may be due to the crystallization conditions facilitating hydrolysis of the relatively unstable glycosidic bond between nicotinamide and ribose.
Catalytic Residues-On the basis of structural and sequence conservation, we carried out mutational studies on Sir2-Af1 to identify the functional residues that are involved in catalysis (Fig. 2) . Our data show that the Arg-33 to Ala mutant retained about 80% activity, suggesting that the interactions between Arg-33 and nicotinamide ribose contribute little to catalysis. Glu-45 does not interact with NAD directly, and its mutation did not affect the activity. Strikingly, however, replacement of His-116 with Asn/Asp and Phe-159 with Ala significantly affected the deacetylation activity. and therefore, these residues are likely to be involved in the enzyme reaction. Specifically, the replacement of His-116 with either Asp or Asn reduced the activity 30 -50-fold, suggesting that this residue has a key catalytic role. His-116 formed a hydrogen bond to the O3Ј of NAD, and this interaction was observed in all three structural forms. The removal of the aromatic ring from Phe-159 also dramatically reduced the activity. Although the side chain is close to the ribose ring (3.4 Å from O1), it did not make any direct interactions with NAD, and its side chain was partly buried (ϳ50%).
To find out more about the role of Phe-159, we examined the kinetic parameters of wild type Sir2-Af1 and the F159A mutant (Table II) . The K m value of the mutant enzyme was twice that of wild type enzyme, whereas the k cat was 5-fold less. When we compared the structures of the open and closed form of Sir2, we found that the ring of Phe-159 was directed to the surface of the molecule in the open conformation, whereas it was rotated about 180°toward the active site in the closed form (Fig. 1c) . Interestingly, in the crystals of the closed form, the extra four residues in a symmetry-related molecule occupied a surface crevice formed by His-116, Phe-159, and Val-190 near the nicotinamide ribose, suggesting that they may be mimicking substrate binding. Indeed, the interaction between the extra four residues in the C terminus and the surface crevice in a neighboring Sir2 molecule was one of the major interactions observed within the crystal. Because Sir2 is a monomer in solution, this Sir2-Sir2 interaction may not be biologically relevant. Nevertheless, this packing suggests that the surface crevice does have structural properties, indicating that it is a substrate binding site. Together with the kinetic data, this suggests that Phe-159 may guide the substrate into the correct position in the active site during catalysis. When we have determined the structure of Sir2 containing the F159A mutation, despite the abrogation of enzymatic activity in the mutant protein, we did not observe any noticeable local changes in the structure of the mutant compared with wild type Sir2-Af1. The root mean square deviations for all C␣ atoms were 0.4 Å between two structures, and the C␣ for the Phe-159 residue deviated 0.5 Å. In the F159A mutant, two water molecules occupied the position of the Phe-159 ring.
Analysis of Mutations at Site C-We also examined the role of residues located at the core region in site C. Ser-24 and Asp-101 are deeply buried, to stabilize the floor for the adenine base and adenine ribose of NAD, and are hydrogen-bonded to each other. Mutation of a residue in yeast HST1 that is equivalent to Ser-24 in Sir2-Af1 completely abolished histone deacetylase activity (17) , and it has been proposed that this residue may be involved in the cleavage of the glycosidic linkage between nicotinamide and ribose (17) . In contrast to these data, we find that Ser-24 to Ala and Asp-101 to Asn mutations in Sir2-Af1 decreased the enzymatic activity by 6-and 80-fold, respectively. This suggests that Ser-24 is not essential for deacetylase activity. The distance between the OH group of Ser-24 and the O 2 Ј of nicotinamide ribose is 12.5 Å, and the distance for the OD2 group of Asp-101 is 10.9 Å to the O 2 Ј of nicotinamide ribose. Because a significant portion of the side chains of Ser-24 and Asp-101 is buried, the activity decrease may be due to decreased stability of the protein.
To address this possibility, we determined the T m of the wild type and mutant proteins. This analysis revealed that the T m value of the S24A mutant was 95°C, a decrease of 3°C compared with the wild type. The T m of Asn-101 mutant was decreased by 10°C (Fig. 3a) . We also analyzed the effects of mutation of His-80 on the activity and T m Sir2-Asf1. In our structures, the side chain of His-80 was completely buried, interacting directly with Ser-24 and with Asn-99 and Asp-101 via a water molecule. Interestingly, the His-80 to Asn-80 mutant retained significant activity, although its T m was decreased by about 10°C. Although the 10°C reduction in T m of some mutants was considerable in terms of protein stability, it must be stressed that the T m values for these mutants were all much higher than the temperature at which activity was measured. One interpretation of these data is that residues such as Asp-101 and Ser-24 may be directly involved in catalysis. Alternatively, since our stability analysis only accounts for the global stability, we cannot rule out the possibility that the mutant structures are locally perturbed and that this could cause the decrease in enzyme activity either by affecting binding of NAD or substrate.
To further address this issue, we measured the binding affinities of NAD to the wild type and mutant Sir2 proteins using isothermal titration calorimetry. As seen in the Table III, H80N Sir2 retained about 60% of the NAD binding ability of wild type Sir2. However, the NAD binding constants of the S24A and D101N Sir2 proteins were decreased 9 -10-fold. Thus, the NAD binding assay data suggest that the decreased NAD-dependent deacetylase activities for the S24A and D101N mutant proteins are at least partly due to reduced binding affinities for NAD.
To understand these observations at structural level, we determined the structures of Sir2-Af1 S24A and Sir2-Af1 H80N and compared these with the wild type structure (Table I; Fig.  3b ). In Sir2-Af1 S24A, a buried water molecule that mediates the interactions of Ser-24, His-80, Asn-99, and Asp-101 moved slightly (0.3 Å) toward the mutated Ala residue and linked the three residues His-80, Asn-99, and Asp-101. No other local changes were observed in this mutant structure.
In the structure of Sir2-Af1 H80N, the hydrogen bond between His-80 and Ser-24 was broken. Instead, a water molecule was introduced and mediated the interaction between the two residues via a hydrogen bond. Consequently, the conserved water molecule that connects three residues was relocated toward the Asn-99, forming a hydrogen bond with the newly added water (Fig 3b) . In the wild type structure, His-80 also contacts Asp-101 via a water molecule. The same water-mediated interaction is also conserved in H80N. Therefore, it is unlikely that the alteration of His-80 perturbs the interactions between NAD and residues in the binding pocket. This finding   FIG. 2 . NAD-dependent deacetylase assays. Reactions contained either wild type Sir2-Af1 or one of the mutants, 3 H-acetylated, recombinant BSA, and 500 M NAD. Release of acetate from the labeled substrate was quantified as described under "Experimental Procedures." Error bars denote S.D. from mean value. is in agreement with the minor effect of the H80N mutation on enzyme activity and NAD binding (Fig. 3b) . The decrease of the T m by 10°C in the Asn-101 mutant is significant considering that Asp is replaced by its stereoisomer, Asn. Although we have not succeeded in obtaining crystals of this mutant, it seems likely that the replaced ND1 of Asn-101 perturbs the hydrogen bond between Ser-24 and Asp-101 and thereby affects the local structure in this region. Such local destabilization may affect the location of Gln-98, which has a conserved interaction with O3Ј of nicotinamide ribose in all forms of the Sir2 structure. Thus, the structures of the Sir2 derivatives with mutations in site C reveal a correlation between local structural alterations and severity of impairment of enzyme activity. The local structural alterations are likely to impinge on the binding of NAD within the pocket. Taken together, these data suggest that the site C residues play a role in substrate binding and positioning rather than a direct role in catalysis.
Formation of 2Ј-O-Acetyl ADP-ribose in the Active SiteOne of our mutants, the triple mutant, crystallized in hexagonal I form, P3 2 . We were unable to grow this form of crystal from any other mutants. The crystal contained about 70% solvent, and this could limit the diffraction of crystals. When we added an excess of N-acetyl lysine to the crystal, the space group of the crystal was changed to P3 1 21 , and the c axis of the unit cell dimension was elongated 2-fold, giving the hexagonal II form. When these two structures were compared, no significant differences were observed in overall structure (root mean square deviations of 0.67 Å with a maximum deviation of 3.2 Å for all C␣ atoms). Strikingly, however, we observed a clear density for an acetyl group at the O 2 Ј posi- tion of nicotinamide ribose and for a closely located water (Fig. 4a) . The 2Ј-O-acetyl ADP-ribose had a generally similar binding mode to ADP-ribose. New interactions were observed between the oxygen atom of the acetyl group and the side chains of Tyr-64 and Arg-67 via a water molecule (Fig. 4b) . The distances between the water molecule and the acetyl oxygen, OH group of Tyr-64, and NH1 group of Arg-67 were 2.7, 3.0, and 3.1 Å, respectively. The ND1 of His-116 was 3.0 Å away from the O3Ј of the nicotinamide ribose. The methyl group of the acetyl group was surrounded by Phe-32, Ala-48, Trp-158, and Ala-159 (Phe-159). Intriguingly, the extra four residues at the C-terminal end of a symmetry-related molecule bound to the surface pocket of Sir2 formed by His-116, Ala (Phe)-59, and Val-190, positioning the Lys-248 near the O1Ј of the nicotinamide ribose and yielding similar interactions to those seen in the closed form crystal (Fig. 5) . Our observation of the formation of 2Ј-O-acetyl ADP-ribose on the active site of Sir2 allows us to propose a revised catalytic mechanism, as described below. While this manuscript was in preparation, NMR studies were reported that the regioisomer of 2Ј-and 3Ј-O-acetyl ADP-ribose is the product of NAD-dependent histone deacetylase reaction, thus confirming our results (23, 24) . When released from the active site, we predict that the 2Ј-O-acetyl ADP-ribose product is converted to 3Ј-O-acetyl ADP-ribose, leading to establishment of an equilibrium between these two isomers.
Acetyl Group Transfer Mechanism-The importance of NADdependent deacetylation by Sir2 can be divided 2-fold. The deacetylation on N-terminal tails of histones or other proteins such as p53 modulates the gene expression or apoptosis. Second, a new metabolite produced by Sir2 reaction may be involved in an unknown cellular-signaling pathway. Indeed, the Sir2 reaction product causes a delay or block in oocyte cell division (19) . Alternatively, the product may be required for a novel modification reaction in which the transfer of an acetyl group is involved. Considering the significance of Sir2 and its final product in diverse events including the aging process, it is important to elucidate how Sir2 catalyzes the reaction and to identify the final product of this reaction. Our structural and mutational information and identification of reaction products in conjunction with NMR studies (23, 24) allow us to elucidate the catalytic mechanisms of the reaction (Fig. 6, a and b) , and because Sir2 is conserved across phylogenetic domains, we presume the mechanism proposed here is generally applicable to other homologues (13) .
First, upon entrance into the active site of Sir2, the acyl oxygen of N-acetyl lysine attacks the C1Ј of the nicotinamide ribose ring. This interaction generates 1Ј-O-alkylamidate and releases nicotinamide. Subsequently, the activated hydroxyl group at C2Ј makes a nucleophilic attack on the carbon of the amide carbonyl. This leads to the formation of an unstable 1Ј,2Ј-cyclic acyloxonium ion. How is the 2Ј-OH group activated? One possibility is that it is activated indirectly by His-116 in site B. The 3Ј-OH that is hydrogen-bonded to the ND1 of His-116 is deprotonated and consequently activates the 2Ј-OH. It is also possible that substrate binding to Sir2 slightly perturbs the position of His-116, allowing direct activation of the 2Ј-OH by His-116. Finally, although the primary role of Asp-101 in site C is to stabilize the local structure, we cannot completely exclude the possibility that this residue may act as a base in the deprotonation of 2Ј-OH or 3Ј-OH (Fig. 6b) . However, in this case, a gross movement around the phosphodiester bond of NAD combined with the rearrangement of the positions of Tyr-64 and Arg-67, loop containing residues 30 -36, and residues around Gly-20 and Ala-21 would be required to place the 2Ј-OH in the deprotonation range of residues in C site. The acid exchange experiment of Sauve et al. (23) suggests that the solvent oxygen atom is incorporated into nicotinamide ribose and resides in the acetate moiety. These data indicate, therefore, that a water molecule is involved in the attack on the amide carbon of the 1Ј,2Ј-cyclic acyloxonium ion with concomitant release of the lysine group. The combination of these data together with our structural and functional results lead us to propose that a water molecule may be activated by residues in site B, or because the cyclic acyloxonium ion is unstable, a water molecule may directly attack the oxonium ion.
In an alternative mechanism, the acetyl oxygen is positioned optimally so that the 2Ј-OH activated by His-116 acts directly as a nucleophile on the carbonyl carbon of N-acetyl lysine, followed by the release of lysine. This leads to the formation of 2Ј-acetyl NAD. The carbonyl carbon in 2Ј-acetyl NAD attacks the C1Ј to release the nicotinamide, with the formation of 1Ј,2Ј-cyclic acyloxonium. The activated water molecule would then react to form the 2Ј-O-acetyl ADP-ribose. In both mechanisms, the 2Ј-O-acetyl ADP-ribose would be released from the active site of the enzyme and converted to 3Ј-O-acetyl ADP-ribose.
It has been shown that the nicotinamide-NAD exchange catalyzed by Sir2 occurs only in the presence of the protein substrate (33) . The two proposed mechanisms clearly explain this observation. However, the correlation between the 2Ј-OH activation and nicotinamide release requires further experimental data. In the first mechanism, the 2Ј-OH activation and nicotinamide exchange are separate processes, whereas they are coupled in the second mechanism. In yeast Sir2 homologue, HST1, the Ser-24 to Ala mutant failed to show exchange between the nicotinamide and NAD (17) . That the S24A mutant in yeast Sir2 did not have any activity (although this contrasts with our findings on S24A of Af1-Sir2) could support the second mechanism we propose. By contrast, His-116A mutant in yeast Sir2, which is also inactive in deacetylation, did show some exchange between nicotinamide and NAD, suggesting that the first mechanism is more likely to occur.
In summary, we have provided crystallographic evidence that 2Ј-O-acetyl ADP-ribose is a final product in the Sir2 reaction and propose a revised mechanism for catalysis based on the structural and functional characterization of Sir2 mutants. In our mechanism, the activation of the 2Ј-OH of nicotinamide ribose by His-116 is essential for the hydrolysis of the acetyl groups from N-acetyl lysine. The conserved Ser-24 and Asp-101 participate in the stabilization of local structure for NAD binding rather than direct involvement in catalysis. The structural information for the 2Ј-O-acetyl ADP-ribose-Sir2 complex and the proposed mechanism should help to guide the design of inhibitors that would allow the control of Sir2-dependent events including cell cycle, DNA damage signaling, and aging processes. Furthermore, such inhibitors could be used to understand the broad functions of Sir2 and its homologues and elucidate novel signal transduction pathways where Sir2 is involved.
